We report here a successful expression of a single-module GH-7 family cellobiohydrolase Cel7A from a thermophilic fungus Talaromyces emersonii (Te Cel7A) in Saccharomyces cerevisiae. The heterologous expression system allowed structure-guided protein engineering to improve the thermostability and activity of Te Cel7A. Altogether six different mutants aimed at introducing additional disulphide bridges to the catalytic module of Te Cel7A were designed. These included addition of five individual S-S bridges in or between the loops extending from the b-sandwich fold, and located either near the active site tunnel or forming the tunnel in Te Cel7A. A triple mutant containing the three best S-S mutations was also engineered. Three out of five single S-S mutants all had clearly improved thermostability which was also reflected as improved Avicel hydrolysis efficiency at 758 8 8 8 8C. The best mutant was the triple mutant whose unfolding temperature was improved by 98 8 8 8 8C leading to efficient microcrystalline cellulose hydrolysis at 808 8 8 8 8C. All the additional S-S bonds contributed mainly to the thermostability of the Te Cel7A, but one of the mutants (N54C/ P191C) also showed, somewhat surprisingly, improved activity even at room temperature.
Introduction
Cellulolytic enzymes, produced mainly by bacteria and fungi living in plant litter and soil, cleave the b-1,4 linkages in cellulose chains. Optimally efficient hydrolysis of insoluble cellulose requires the co-operative action of three classes of cellulolytic enzymes, namely endo-b-1,4-glucanases (EC 3.2.1.4), cellobiohydrolases (EC 3.2.1.91) and b-glucosidases (EC 3.2.1.21) [for review, see (Lynd et al., 2002) ]. Among these three categories of enzymes involved in the biodegradation of cellulose, cellobiohydrolases are the key enzymes for the degradation of the highly ordered crystalline cellulose. Cellulases have been grouped into sequence and structurally-related glycosyl hydrolase (GH) families (http ://afmb.cnrs-mrs.fr/CAZY/). In many cases, cellulases are modular enzymes consisting of a minimum of one catalytic module and one carbohydrate-binding module (CBM) (Bayer et al., 1998) .
Cellobiohydrolases from GH-7 family are found exclusively in eukaryotic organisms and they are also the major cellulases produced by the filamentous fungi such as Trichoderma reesei and Talaromyces emersonii. The threedimensional structure of four GH-7 cellobiohydrolase catalytic modules have been solved (Divne et al., 1994; Munoz et al., 2001; Grassick et al., 2004; Parkkinen et al., 2008) revealing in each case a b-sandwich fold, where altogether six loops extend from the b-sandwich and participate in forming an enclosed tunnel for the cellulose binding and hydrolysis (Fig. 1) . The active site tunnel is roughly 50 Å long and can accommodate 9 -10 subsites for the glycosyl units of a cellulose chain (Divne et al., 1998; Parkkinen et al., 2008) . The catalytic amino acids (three carboxylic acids) are located near one end of the tunnel and allow release of the product (mainly cellobiose, a disaccharide) from the reducing end of the cellulose chain. The hydrolysis of the cellulose chain by GH-7 cellobiohydrolases is thought to happen processively, similarly to some other polysaccharide-degrading hydrolases (Divne et al., 1994; Kramhoft et al., 2005; Horn et al., 2006; Li et al., 2007) . This leads to narrowing of the microcrystals at the reducing end of the cellulose chains and production of cellobiose, while decreasing the degree of polymerization very slowly (Imai et al., 1998; Srisodsuk et al., 1998; von Ossowski et al., 2003; Kipper et al., 2005) . The processivity of GH-7 cellobiohydrolases is attributed to the many subsites and the special active site architecture of the catalytic module (Divne et al., 1994 (Divne et al., , 1998 Breyer and Matthews, 2001) .
Thermostable cellulases are good candidates for number of industrial processes due to better overall stability, reduced hydrolysis times and the potentially higher specific activity of the enzymes at elevated temperatures. Thermophilic organisms, particularly thermophilic bacteria, are potential sources of thermostable carbohydrate degrading enzymes, but the draw-back is often a low production level in the industrially relevant recombinant production host such as fungi. However, cellulases from moderately thermophilic or mesophilic fungal sources are typically secreted into the growth medium, and can be produced in gram quantities per litre. The industrial potential of cellulases in e.g. total hydrolysis of lignocellulosic biomass has promoted protein engineering studies of the currently well-known and wellproduced enzymes to better meet the application conditions 3 Present address: Shannon ABC, Limerick Institute Technology, Moylish Park, Limerick, Ireland including e.g. high temperature, pH and presence of various inhibitors.
The stability of the folded conformation of a protein depends on its primary structure but in a complex manner, being determined by a multitude of both local and long-term interactions. Several different features can contribute to the improved thermostability involving amino acid composition, hydrophobic and aromatic interactions and electrostatic interactions (Li et al., 2005) . Rational approaches to improve the stability of the folded protein conformation by site-directed mutagenesis have been successfully used, but the chance of success is not easily predictable (Eijsink et al., 2004) . The studies of naturally occurring thermophilic and hyperthermophilic proteins, and comparisons to their mesophilic counterparts have given some information about the structural factors involved in high stability (Sterner and Liebl, 2001; Vieille and Zeikus, 2001) . Mutagenesis studies have, on the other hand, demonstrated that large improvements in stability might be achieved by only one or few point mutations, regardless of numerous sequence differences between the homologous thermophilic and mesophilic proteins (van den Burg and Eijsink, 2002; Eijsink et al., 2004) . The effect of individual mutations has often been shown to be additive (Shih and Kirsch, 1995; Akasako et al., 1997) . One way to rationally improve the stability of a protein fold is to increase its rigidity by additional disulphide bonds (Matthews et al., 1987; Matsumura et al., 1989; Vieille and Zeikus, 1996; Mansfeld et al., 1997; Xiong et al., 2004) .
The thermophilic, aerobic fungus T.emersonii produces a complete cellulase system (Moloney et al., 1983 (Moloney et al., , 1985 Tuohy et al., 2002; Murray et al., 2003; Grassick et al., 2004) . Several glycosyl hydrolases from T.emersonii have been purified, characterized and assigned to GH families 6 and 7 (Tuohy et al., 2002; Murray et al., 2003; Grassick et al., 2004) . In addition, the 3D crystal structure of T.emersonii cellobiohydrolase Cel7A (Te Cel7A, former CBH IB) has been solved recently (Grassick et al., 2004) (PDB code 1Q9H). We describe here the heterologous expression of this single module cellobiohydrolase in yeast Saccharomyces cerevisiae and addition of disulphide bridges to further improve its thermostability. The wild-type (wt) and the most interesting S-S mutants were characterized in more detail.
Materials and methods

Strains and vectors
Saccharomyces cerevisiae pYX212 plasmid (R&D Systems) containing a constitutive triose phosphate isomerase (TPI) promoter, a polyA terminator (from Kluyveromyces lactis HSF) and an URA3 (uracil) marker gene for selection, was used as the yeast expression vector. The Escherichia coli XL1-blue strain (Stratagene, USA) was used as the bacterial cloning host. Saccharomyces cerevisiae strain INVSc1 (MATa, his3-1, leu2, trp1-289, ura3-52; Invitrogen, USA) was used as expression host for the Te Cel7A wt and mutant enzymes.
DNA manipulations
Standard DNA techniques (Sambrook and Russel, 2001) were used in the study. Enzymes for the DNA modifications were purchased in New England Biolabs (USA) and Finnzymes (Finland). Sequencing reactions were performed using the Big Dye Terminator Cycle Sequencing kit (Applied Biosystems, USA) and analysed by an ABI Prism 3100 Genetic Analyzer automated DNA sequencer (Applied Biosystems).
Construction of the yeast expression plasmid and generation of mutants
Talaromyces emersonii cel7A cDNA [including region coding for the N-terminal signal peptide, i.e. amino acids 1 -18 (Grassick et al., 2004) ] was amplified with PCR (Pwo polymerase, Applied Biosystems) using vector-specific primers having 40 bp overhangs on both 5 0 -and 3 0 -end to allow cloning of the gene into yeast expression vector pYX212 by in vivo yeast homologous recombination (Orr-Weaver et al., 1981) . The primers used in cloning of the cel7A wt are listed in Table I . PCR product was transformed together with the linearized plasmid pYX212 (digested with BamHI and XhoI) into S.cerevisiae strain INVSc1 (Invitrogen). Yeast transformation was carried out with a modified LiAc method as described in the Gietz Yeast transformation Kit manual (Tetra-Link, USA) and the transformation solution was plated on SC (synthetic complete) -Ura plates (Sherman, 1991) containing 2% (w/v) glucose. After 3 days of growth at 308C, transformants were picked and grown in 3 ml of SC-Ura media supplemented with 2% glucose, for 3 days at 308C. Initial cellulase activity of the yeast supernatants was detected by measuring the hydrolysis of a soluble cellulase substrate, 4-methylumbelliferyl-b-Dlactoside (MULac, Sigma-Aldrich, USA) basically as described earlier (Voutilainen et al., 2007) . One time-point measurement (10 min) was performed in 50 mM NaAc buffer pH 5, at 608C using 1.8 mM substrate concentration and stopping the reactions by adding 0.5 M Na 2 CO 3 . The release of the 4-methylumbelliferone (MU, Sigma) was detected by fluorescence measurement (excitation wavelength ¼ 355 nm and emission wavelength ¼ 460 nm) with Varioskan spectrofluorometer (Thermo Electron Corporation) against MU standard curve. Plasmids from the cellobiohydrolase positive transformants were isolated by first breaking the yeast cells with glass beads (Sigma) and then using Qiagen's (Germany) alkaline lysis method for plasmid isolation. Plasmid DNA was then transformed into E.coli, isolated and used for further analysis by restriction enzyme digestions and DNA sequencing. The wt cel7A construct ( pSVTE4) was used both as a template for PCR mutagenesis and as a production vector. Swiss-PdbViewer (http://www.expasy.ch/spdbv/) and WHAT IF disulphide bridge predictor (http://www.cmbi.kun .nl/gv/servers/WIWWWI/) were used as tools to design the mutations and to predict the possibility for disulfide bond formation in the Te Cel7A structure (1Q9H). All cysteine mutations were generated by polymerase chain reaction (PCR), with site-specific mutagenesis by overlap extension as described in (Sambrook and Russel, 2001) . All the primers used in cloning the mutant Cel7A enzymes are listed in Table I . The mutated cel7A genes were cloned into a yeast expression vector (linearized with EcoRI digestion) as described above. Mutations were confirmed by nucleotide sequencing.
Initial thermoactivity test of the mutants
The activity of the Te Cel7A wt and the six mutants at two temperatures (65 and 758C) was tested directly from the yeast supernatants by measuring the MULac activity as described earlier. The assay was done as one time-point measurement (7.5 min) using 3.2 mM substrate concentration, which was assumed to be saturating. The activity ratio (75 versus 658C) was in each case compared to that of the wt ratio value.
Protein production and purification
For production of the wt and the four Te Cel7A mutant proteins, 2 or 5 L of SC-Ura medium supplemented with 2% glucose was inoculated with a 10% volume of an overnight pre-culture of INVSc1 containing the expression plasmid in question. The cultures were grown under shaking (210 rpm) at 308C. After 3 days of cultivation, the supernatants were harvested by removing the cells by centrifugation for 15 min at 4000 g.
Each culture supernatant was concentrated, and the buffer was exchanged to 50 mM sodium acetate buffer pH 5.0 by ultrafiltration with a 10 kDa cut-off Pellicon PTGC membrane (Millipore, USA). The sample was loaded onto a DEAE Sepharose FF (Pharmacia, Sweden) anion exchange column equilibrated with 50 mM sodium acetate buffer, pH 5.0. The column was washed with the equilibration buffer, and then eluted with a linear gradient of 0 to 0.5 M NaCl in the equilibration buffer. Fractions were collected and screened for the presence of Te Cel7A by measuring the activity against MULac and analysing them on SDS-PAGE (Laemmli, 1970) . The SDS -PAGE gels were stained with Gel Code Blue Staining Reagent (Pierce, USA). Fractions containing a single band of Te Cel7A on SDS-PAGE were pooled, the pools were concentrated and the buffer was exchanged to 50 mM NaAc buffer, pH 5.0 using 20 ml spin 
Reverse
Cellulase mutagenesis concentrators, cut-off 10 000 Da (Vivaspin, Vivascience GmbH, Germany). The yeast produced Te Cel7A wt was deglycosylated by treating the culture supernatant with endoglycosidase F1 (EndoF1, Sigma). Concentrated and buffer exchanged (see above) culture supernatant was incubated for 17 h at 378C with 1 U of EndoF1 with slow agitation. A fresh portion (0.5 U) of EndoF1 enzyme was added and incubation continued for additional 24 h. Finally, the deglycosylated protein preparation was purified with anion exchange chromatography as described above.
Talaromyces emersonii Cel7A was partially purified from its native host using gel filtration and ion exchange chromatography as described previously (Brooks et al., 1992; Walsh, 1997) . MULac active fractions after ion exchange chromatography were pooled and concentrated using 15 ml Amicon spin concentrators, cut-off 5000 Da (Millipore) and fractionated on 7.5% native electrophoretic gels. Following native electrophoresis gels were immersed in 1 mM MULac for 5 min at 508C. MULac active protein was excised from the gel and eluted overnight into 50 mM NaAc buffer, pH 5.0. Following centrifugation (10 000 g; 15 min; 48C), the supernatant fraction containing Te wt Cel7A was exchanged into 50 mM NaAc buffer and judged homogeneous by SDS -PAGE.
Characterization of the purified proteins
Protein concentrations of purified enzymes were measured by their absorption at 280 nm using a theoretical molar extinction coefficient, 1 ¼ 72 200 M 21 cm 21 , which was calculated from the primary amino acid sequence (Pace et al., 1995) .
The presence of the additional disulphide bridges in the Te Cel7A mutant proteins was confirmed by comparing the amount of free thiol in the enzyme samples to that in the wt enzyme. Free thiol was measured with Thiol and Sulfide Quantitation Kit (Molecular Probes, Invitrogen detection technologies, USA) according to the manufacturer's instructions. The quantitation reaction of free thiols and sulfides is based on reactivation of an inactive disulfide derivative of papain (Singh et al., 1993) . Chitinase 42 from Trichoderma harzianum (Boer et al., 2004) was used as a positive control protein in this measurement as it contains one free cysteine residue, detectable with this method.
The purified, yeast-produced Te Cel7A wt protein was identified by peptide mass mapping after alkylation and trypsin digestion. The peptides were desalted and subjected to MALDI-TOF mass spectrometry (Bruker Ultraflex mass spectrometer, Bruker Daltonics, Germany). The MALDI-TOF MS analysis was performed in the reflector mode resulting in monoisotopic peptide masses with a mass accuracy better than +0.1 Da. The obtained monoisotopic peptide masses were compared to the amino acid sequence of Te Cel7A.
The molecular masses of the yeast produced Cel7A and deglycosylated Cel7A proteins were also detected with MALDI-TOF MS (Bruker Autoflex II, Bruker Daltonics). Sinapinic acid (Bruker Daltonics) was dissolved in 50% acetonitrile/0.1% trifluoroacetic acid (TFA) and used as matrix. Equal volume of purified protein sample (0.5 mg/ml in ,10 mM sodium acetate, pH 5) or calibration standard ( protein calibration mixture 2, Bruker Daltonics) was mixed with saturated matrix solution and applied onto the target plate. The MALDI-TOF analysis was performed in the linear mode.
The isoelectric point of the purified Cel7A enzyme was determined by isoelectric focusing in the pH range of 4 -6.5 (Phast Gel IEF 4 -6.5) on a Phast System apparatus (LKB Pharmacia) according to the manufacturer's instructions. Bands containing cellobiohydrolase activity were visualized by staining the IEF gel with 1 mM MULac in 50 mM NaAc buffer ( pH 5.0) and the Cel7A activity was detected under UV light (366 nm) as fluorescenting bands after addition of 1 M Na 2 CO 3 . Bands containing proteins were visualized with Gel Code Blue Staining Reagent.
Thermostability measurements
Circular dichroism (CD) measurements were performed on Jasco (model J-720) CD spectrometer equipped with PTC-348WI Peltier-type temperature control system as described in Voutilainen et al. (2007) . The unfolding curves were measured at 202 nm using the temperature scan mode with a gradient of 28C/min until a temperature of 908C was reached. The measurements were performed in 10 mM sodium acetate buffer, pH 5.0 using 3.3 mM protein concentration.
To measure the half-life times (t 1/2 (DTT)), the Cel7A variants (6 mg/l) in 50 mM NaAc, pH 5.0 buffer containing 1 mM dithiothreitol (DTT) were incubated at 708C for eight different time intervals. After the heat inactivation step, the samples were cooled and the residual activity against MULac substrate was measured at 228C using 1.0 mM substrate in 50 mM sodium acetate pH 5.0. The residual activities were calculated by normalizing the activity to the initial activity at 228C before heat inactivation. Half-life times (t 1/2 (DTT)) were determined using the one-phase exponential decay equation in the Microcal Origin 6.0 program.
Kinetic measurements on soluble and insoluble substrates
The soluble substrate MULac was used to determine the activity of the purified Te Cel7A wt and mutant proteins as a function of temperature. Specific activities were measured at eight different temperatures (from 45 to 808C) using 3.2 mM substrate concentration in 50 mM NaAc pH 5.0. Protein concentration was 0.12 mM (6 mg/l) in all the experiments. The reactions were followed for 10 min taking four time points and stopping the reactions by adding 0.5 M Na 2 CO 3 . The release of the MU was detected as described above. The rates at each temperature were determined from the linear part of the curves and were assumed to be initial rates.
MULac activity was also measured as a function of pH in 0.1 M McIlvaine-buffer (Dawson et al., 1959) ( pH from 2 to 8) at 228C. Substrate concentration for each experiment was 2.0 mM and enzyme concentration 0.3 mM. Reactions were followed for 10 min and liberation of MU was detected as described above. Apparent initial reaction rates (over 10 minutes) were determined at each pH value.
Kinetic constants (K m and k cat values) of S.cerevisiae produced Te Cel7A wt and four mutants were determined using MULac as substrate in 50 mM sodium acetate buffer pH 5.0, at ambient temperature (228C) as outlined in Voutilainen et al. (2008) . Eight different substrate concentrations (1 -2000 mM) were used, enzyme concentration being invariably 0.1 mM. All measurements were done as duplicates.
The microcrystalline cellulose (Avicel, PH 101, Fluka, Switzerland) hydrolysis assays were performed at 70, 75 and 808C by following the reactions up to 17 h as outlined earlier (Voutilainen et al., 2007) . Reaction mixtures contained 50 mg/ml of Avicel and 1.4 mM of enzyme in 50 mM NaAc, pH 5.0 and the experiments were performed as duplicates. The formation of soluble reducing sugars was determined by the para-hydroxybenzoic acid hydrazide (PAHBAH) method using a cellobiose standard curve (50 to 800 mM cellobiose). The amount of released soluble cello-oligosaccharides from the Avicel hydrolysis were also determined by highperformance anion-exchange chromatography (HPAEC-PAD) after 2 and 6 h hydrolysis (at 708C) for the Te Cel7A wt and the T243C/A375C mutant using a CarboPac PA-1 column basically as described earlier (Tenkanen et al., 1997) . The Dionex DX 500 series chromatograph was equipped with pulse amperometric detection (PAD, Dionex ED 40). The standards used were linear cellooligosaccharides; glucose from Fluka (Buchs, Switzerland), cellobiose, cellotetraose and cellopentaose from Serva (Heidelberg, Germany), cellotriose and cellohexaose from Seikagaku (Seigaku America, Associates of Cape Cod, Inc., MA, USA).
Binding studies on microcrystalline cellulose
The adsorption of the yeast produced Te Cel7A wt, deglycosylated Te Cel7A wt and the mutant T243C/A375C on Avicel was studied by shaking the 5% (w/v) Avicel suspension at 48C with the 1.4 mM enzyme solution in 50 mM NaAc, pH 5.0. The free protein concentration in the equilibrium was measured after 90-min incubations at 48C by filtering the samples through Millex GV 13 0.22 mm membranes and measuring the protein concentration with spectrofluorometry (Varian Gary Eclipse) (ex. 280 nm and em. 340 nm). The amount of the bound protein was calculated from the initial protein concentration. The measurements were done as duplicates with error under 10%.
Results
Design of the Te Cel7A mutants
Five single disulphide bridge mutations were introduced to Te cel7A gene (listed in Table I , see also Fig. 1) . The wt and mutant enzymes were produced in yeast S.cerevisiae and the thermoactivity characterized initially from the culture supernatants by measuring MULac activity at elevated temperature (data not shown). In addition to the single S-S bond mutants, a sixth Te Cel7A mutant which combined the three stabilizing S-S bond mutations (G4C/A72C, N54C/P191C and T243C/A375C) was created (see also below). This Cel7A G4C/A72C/N54C/P191C/T243C/A375C mutant is hereafter referred as the 'triple mutant'.
The disulfide mutations were designed by comparing the GH-7 family cellobiohydrolase structures and by searching (with Swiss-PdbViewer) for possible locations for additional cysteines in Te Cel7A surface loops, which would be close enough each other to form a disulphide bond. All the disulphide bridge mutations were designed on the surface of the protein in order to keep the effect of the substitutions in the conserved interior of the protein to a minimum. The ability of cysteine pairs to form disulfide bond was predicted by Swiss-PdbViewer or by WHAT IF disulphide bridge predictor.
Te Cel7A is a single module enzyme, consisting only of the catalytic module. It contains 9 S-S bonds, whereas some other GH-7 family cellobiohydrolase structures contain 10 S-S bonds, including T.reesei Cel7A (Divne et al., 1994) . Of these 10 disulphide bridges, 9 are conserved in Te Cel7A according to the crystal structure (Grassick et al., 2004) . The position of the first S-S bridge mutation G4C/A72C was adopted from the T.reesei cellobiohydrolase Cel7A catalytic module structure. The other four Te Cel7A S-S mutants were designed to connect the active site tunnel forming loops 1 and 3 (N54C/P191C), to stabilize the active site tunnel loop 3 (Q190C/I200C), to connect loops 4 and 6 across the active site tunnel (T234C/A375C) and to stabilize the loop 5 (G266C/D320C) (see Fig. 1 for the loop nomenclature).
Heterologous expression and purification of the Te Cel7A variants
The single-module Cel7A cellobiohydrolase (theoretical M ¼ 46 842 Da) from a thermophilic fungus T.emersonii was expressed in S.cerevisiae strain INVSc1 resulting in a shake flask cultivation in a yield of about 3 -5 mg/l of the purified protein. After one-step purification, the recombinant Te Cel7A wt enzyme was first identified by peptide mass mapping. On SDS-PAGE, the purified, yeast produced enzymes (both the Te Cel7A wt and the variants) showed basically a single band ($66 kDa with some smear on SDS-PAGE in Fig. 2 , lane 2/wt and lanes 4 -7/variants), migrating somewhat higher than the purified wt protein from the native host, T.emersonii ($64 kDa on SDS -PAGE in Fig. 2, lane  8) . The higher molecular weight forms were suspected to be due to hyperglycosylation of the Cel7A enzyme. Figure 2 , Lane 3, shows that the Endoglycosidase F1 treatment of the yeast purified enzyme resulted indeed in a decrease of the apparent molecular weight, and the deglycosylated enzyme migrated as a single band having similar mobility as the T. emersonii produced Cel7A ($64 kDa). Te Cel7A contains two putative N-glycosylation sites, N267 and N431, and in the crystal structure two N-acetylglucosamine (GlcNAc) residues have been detected linked to N267 and one to N431 (Grassick et al., 2004) . MALDI-TOF MS was used to determine more accurately the molecular mass of the purified, yeast produced Te Cel7A wt before (measured M ¼ 51 475 + 200 Da) and after deglycosylation (measured M ¼ 47 206 + 60 Da). The mass of the Te Cel7A wt produced in yeast is higher than the theoretical mass (M ¼ 46 842 Da) by 4633 Da, suggesting that the yeast expressed enzyme is N-glycosylated. Endoglycosidase F1, which was used for deglycosylation, cleaves between the two N-acetylglucosamine (GlcNAc) residues in the diacetylchitobiose core of the oligosaccharide, generating a truncated sugar molecule with one GlcNAc residue remaining linked to the asparagine residue. MALDI-TOF results of the deglycosylated Te Cel7A wt protein indicate that one or possibly both asparagine residues (N267 and N431) of the deglycosylated, yeast produced Te Cel7A contain a GlcNAc unit (M ¼ 203 Da).
Isoelectric focusing of the purified yeast produced Te Cel7A showed one band at around pH 4 (theoretical pI ¼ 4.1) upon activity staining with MULac, which is in accordance of the pI value of Te Cel7A produced in the native host (Tuohy et al., 2002) .
Thermoactivity was initially measured from the yeast supernatants as activity ratio on MULac (75 versus 658C). In this initial screen, two S-S mutants Q190C/I200C and G266C/D320C showed decreased activity when compared to the wt enzyme, and were not therefore purified and characterized further. The four S-S mutants having improved thermoactivity in the initial screen (G4C/A72C, N54C/P191C, T243C/A375C and triple-mutant) were produced in shake flask cultivations and purified in a similar manner as the Te Cel7A wt. The production level of each of the mutants was similar to that of the wt enzyme. Purified preparations of each mutant and the wt enzyme were examined for homogeneity by SDS -PAGE (Fig. 2) . As can be seen, all four Cel7A mutant enzymes resulted in a single band having similar mobility to the yeast produced wt enzyme.
The formation of disulfide bonds in vivo was verified by the lack of free thiols in the purified Cel7A enzymes. No difference could be detected in the amount of free thiols when the single S-S mutants G4C/A72C, N54C/P191C, T243C/A375C, or the triple mutant were compared to the S.cerevisiae produced Te Cel7A wt enzyme, suggesting that the additional disulphide bonds are formed in vivo in the mutants.
Thermostability of the wt and mutant enzymes
The thermodynamic stability of Te Cel7A wt and mutant enzymes was studied by measuring temperature induced unfolding at pH 5.0 by CD spectroscopy. The CD spectra at 258C of the wt enzyme and mutants were measured from 240 to 190 nm at pH 5.0 and were identical (data not shown). The enzyme samples were then heated from 50 to 908C using a Peltier-type temperature control system, and CD was measured at 202 nm. The unfolding curves are shown in Fig. 3 . The unfolding temperatures (T m , Table II) were extracted from the thermal unfolding curves by smoothing the curves and differentiation, using the programme of Origin 6.0 (Microcal). The calculated unfolding temperatures for all three Cel7A wt were similar, the unfolding temperature of Cel7A wt from T.emersonii being 748C and from S.cerevisiae without deglycosylation 758C and with deglycosylation 74.58C. All four S-S mutants showed improved thermal stability when compared with the yeast-produced Cel7A wt, unfolding temperatures being 808C for the G4C/ A72C (DT m ¼ þ58C), 78.58C for the N54C/P191C (D T m ¼ þ3.58C), 798C for the T243C/A375C (D T m ¼ þ48C) and 848C for the triple mutant (DT m ¼ þ98C). The refolding of the Te Cel7A wt (all three versions, see above) and mutant proteins was also checked, and in each case the initial CD spectrum was observed after returning the protein sample to 258C (data not shown), as shown earlier for other GH-7 cellobiohydrolases (Boer et al., 2000; Voutilainen et al., 2007; Voutilainen et al., 2008) .
The residual activities of the purified Te Cel7A proteins were measured after different pre-incubation times at 708C and pH 5.0 in the presence of 1 mM DTT. Our earlier studies have shown that reproducible half-life measurements of GH-7 cellobiohydrolases cannot be determined without DTT, probably due to protein refolding (Boer et al., 2000; Voutilainen et al., 2009) . Activities were compared to the initial activities of the samples with MULac at 228C before heat inactivation. Results are shown in Fig. 4 and Table II. The N-glycans seems to contribute to the stability of the Te Cel7A wt protein produced in S.cerevisiae; the half-life time (t 1/2 (DTT)) at 708C is $30 min for the Cel7A wt containing the N-glycans, and only 15 min for the deglycosylated Cel7A wt. Mutants with additional disulphide-bridge (G4C/ A70C, N54C/P191C and T243C/A375C) as well as the triple mutant have clearly increased half-lives at 708C when compared with the yeast produced Cel7A wt; t 1/2 (DTT) being 270, 150 and 90 min, respectively, for the single S-S mutants, and 320 min for the triple-mutant. The increased half-life times (t 1/2 (DTT)) of the mutants can be due to the introduced cysteine residues as such instead of the formation of additional disulphide bridges. 
Characterization of the activity on soluble substrates
The pH optimum for the purified yeast produced Te Cel7A wt determined in McIlvaine buffer (from pH 2 to 8) using MULac as the substrate at 228C was in the range pH 4 to 5 which is in accordance to previously reported results of the kinetic properties of Te Cel7A from the native host (Tuohy et al., 2002) . For all the following kinetic experiments, pH 5.0 was used.
All the Te Cel7A variants showed Michaelis -Menten type of kinetics on soluble MULac substrate, and the kinetic constants (K m and k cat ) were determined at 228C, pH 5.0. As can be seen from Table II, the kinetic constants of Cel7A mutants at ambient temperature were not significantly altered when compared to wt. The k cat values of the Cel7A mutants are slightly lower than that of the wt enzyme, except for mutant N54C/P191C which shows somewhat higher catalytic rate than wt. Interestingly, the mutant N54C/P191C has also 80% higher specificity constant (k cat /K M ) than the wt enzyme, while the other mutants are more similar to the Cel7A wt.
Activity as a function of temperature for the purified Te Cel7A proteins on MULac was assayed at eight different temperatures (from 45 to 808C). The results from the temperature-activity measurements are shown in Fig. 5A and B. The different variants (Cel7A from yeast, deglycosylated Cel7A from yeast and Cel7A from T.emersonii) of Cel7A wt proteins had identical activity measured under these conditions, all having highest specific activity at around 658C (Fig. 5A) . The MULac activities of the disulphide mutants G4C/A72C, T243C/A375C and the triple mutant were lower than that of the Cel7A wt at temperatures below 758C, whereas all three mutants outperformed the wt enzyme at 758C, being two to five times more active. The triple mutant tolerated even higher temperatures and retained 60% of activity (compared to optimum) at 808C. As can also be seen from Fig. 5B , the activity of these three mutant enzymes did not increase as a function of the temperature. This might be indicative of some local restrictions in the protein flexibility affecting to the catalytic performance. The activity measurements with the mutant N54C/P191C showed that this mutant was more active than the wt enzyme over the entire temperature range measured (Fig. 5B) .
Activity on microcrystalline cellulose
The activity of the purified proteins (yeast produced Te Cel7A wt + deglycosylation and the four mutants) was measured on microcrystalline cellulose to see how these enzyme variants hydrolyse polymeric substrates at 70 and 758C ( Fig. 6A and B) . Estimated hydrolysis levels based on reducing sugars released from 5% Avicel after 17 h incubation at 708C ranged from 2.0% (triple mutant) to 3.4% (N54C/P191C) for the six Te Cel7A variants. This type of relatively slow hydrolysis level is typical for one-module cellobiohydrolases lacking the CBM (Tuohy et al., 2002; Voutilainen et al., 2007; Voutilainen et al., 2008) . In order to be able to compare the hydrolysis efficiencies, relative efficiency factors were calculated for the Cel7A enzymes at 708C. This was done by shifting the progress curves of mutants by adjusting the time-scale until a satisfactory overlap was obtained with the progress curve of wt, as described earlier (von Ossowski et al., 2003) . This multiplication factor (see insert in Fig. 6A ) approximates the relative efficiency of the cellulose hydrolysis.
At 708C, the Cel7A mutant N54C/P191C was more active than wt (relative efficiency factor 1.35), while the three other S-S mutants were less efficient in Avicel degradation than the wt enzyme. In addition, deglycosylation seemed to The kinetic constants were measured on MULac in 50 mM sodium acetate buffer pH 5.0, at 228C.
Cellulase mutagenesis
reduce the hydrolysis efficiency of the wt enzyme (relative efficiency factor 0.7). At higher temperature (758C), all four S-S mutants were more efficient than the wt, both versions of the wt enzyme having virtually no activity (Fig. 6B) . Avicel activities of the Te Cel7A mutants which had high activity at 758C (G4C/A72C, T243C/A375C and the triple mutant) were measured also at 808C (Fig. 6C) . At 808C, only the triple mutant showed activity, while the activity of the other two S-S mutants was clearly diminished. Relative efficiency factor was calculated for the triple mutant at different temperatures, to compare the performance at 75 and 808C to that at 708C. The relative efficiency factor of the triple mutant was 1.1 at 758C and 0.9 at 808C. The results demonstrated that the triple mutant could hydrolyse microcrystalline cellulose at 808C with only slightly reduced activity. The soluble products from the Avicel hydrolysis at 708C by the Cel7A wt and T243C/A375C mutant were also measured with HPAEC. The product pattern of the mutant T243C/A375C was similar to that of the wt, i.e. glucose, cellobiose and cellotriose were the only products formed. Glucose and cellotriose production by both the wt and the T243C/A375C mutant was low, cellobiose being the major product, as also detected earlier with wt protein from native host (Tuohy et al., 2002) . These results suggested that the Te Cel7A wt and T243C/A375C mutant work in a similar, processive manner producing cellobiose as the main soluble product.
Adsorption to Avicel
Binding studies with Avicel were conducted at 48C to prevent the hydrolysis activity. The proportion of the free enzyme concentration (measured in the filtered supernatant) after incubation for 90 min was 15% for the Te Cel7A wt, 15.3% for the T243C/A375C mutant and 10.1% for the deglycosylated Cel7A wt. These results indicate that overglycosylation of the yeast produced Cel7A wt has a negative effect on the binding, as previously shown for the yeast produced T.reesei Cel7A (Reinikainen et al., 1995) . On the other hand, the disulphide bridge T243C/A375C created across the active site tunnel of Cel7A seems not to have any effect on the adsorption to the microcrystalline substrate.
Discussion
Protein engineering of fungal proteins using a heterologous expression organisms such as bacteria or yeast allow fast and convenient generation of mutants. Heterologous expression of GH-7 family cellobiohydrolases has, however, been challenging resulting in poor yields in bacteria and yeast, and in serious overglycosylation in yeast (Reinikainen et al., 1992; Boer et al., 2000; Hong et al., 2003) . Our first goal in this study was to express Te Cel7A in S.cerevisiae in a functional form. We have recently expressed successfully a singlemodule cellobiohydrolase Cel7B from Melanocarpus albomyces in S.cerevisiae, and now the single-module Te Cel7A could be produced in yeast using a constitutive TPI promoter and its own signal sequence (Voutilainen et al., 2007) . Compared with the Te Cel7A produced in the native host, the properties of the yeast produced Cel7A wt were not significantly altered. The yeast produced protein was to some extent overglycosylated as shown by the difference in molecular mass before and after deglycosylation (Fig. 2) . The N-glycans produced in yeast seemed to improve the stability of the Cel7A wt (t 1/2 improved by 2-fold) and also to some extent the activity on crystalline cellulose (at 708C), whereas the binding on Avicel seemed to have decreased ( Fig. 6A and Table II ). The activity on the small soluble substrate (MULac) of the deglycosylated Cel7A protein was similar to that of the glycosylated form ( Fig. 5A and Table II ). The minor drop in the Avicel activity of the deglycosylated Cel7A (Fig. 6A ) is assumed to be due to lower stability at high hydrolysis temperature.
The overall fold of Te Cel7A consists of two anti-parallel b-sheets stacking face-to-face to form a b-sandwich. The surface loops extending from the b-sandwich fold are stabilized by nine disulphide bonds. The active site tunnel of Te Cel7A is formed by four major loops and two additional loops (loops 1 -6, see Fig. 1 ), and can accommodate at least 9 glycosyl units of a cellulose chain at subsites 27!þ2. Loops 1 and 2 form a pair at the entrance of the tunnel, while loops 3 and 4 are located next to each other near the cleavage point (21/ þ 1), and finally loop 5 -loop 6 pair forms the tunnel exit area for cellobiose release after the cleavage reaction. Out of these six active site tunnel forming loops, only loop 4 is stabilized by an internal disulphide bridge, and additionally both loops 1 and 5 are connected by a disulphide bridge to other parts of the protein. The other tunnel forming loops do not contain any S-S bonds and some of them may be flexible. Flexibility of cellobiohydrolase loops could be needed in lifting the cellulose chain to the active site tunnel as well as in the cellulose chain movement in the tunnel during the processive hydrolysis mechanism. Poor electron density in the loop 3 region (residues 193-197) of the Te Cel7A 3D structure (1Q9H) has been regarded as an indication of its mobility (Grassick et al., 2004) . There are indications from T.reesei Cel7A structure that the loop 4 (so called exo-loop) might adopt two conformations despite of the existing internal S-S bridge (von Ossowski et al., 2003) . In addition, several conformations of the loop 6 in M.albomyces Cel7B have been detected, implying that this loop is very flexible (Parkkinen et al., 2008) .
Our main goal in this study was to improve the thermostability of Te Cel7A by increasing its rigidity with additional disulphide bridges. Mobile surface loops have been found to serve as unfolding initiation sites, which allow solvent penetration to the core of the protein leading to unfolding (Colombo and Merz, 1999) . We also wanted to study which of the Te Cel7A surface loops tolerate additional S-S bonds without loosing cellulose degradation ability. The four mutants N54C/P191C, Q190C/I200C, T243C/A375C and G266C/D320C were designed to restrict the mobility of the loop 3 (residues 175-205), loop 4 (228 -252) and loop 5 (313 -350), all of which participate in the formation of the active site tunnel. In particular, mutation N54C/P191C was designed to connect the adjacent tunnel-forming loops 1 and 3, mutation Q190C/I200C to stabilize the tunnel-forming loop 3 by creating an internal S-S bond, mutation T243C/ A375C to connect the tunnel-forming loops 4 and 6 across the active site, and mutation G266C/D320C to stabilize the loop 5 near the exit area (see Fig. 1 ). A fifth S-S bridge mutation G4C/A72C was created near the entrance of the active site tunnel to connect the N-terminus to the protein core. This part of the protein is not directly involved in forming the active site tunnel. In addition, a sixth Te Cel7A mutant, so-called triple mutant, which combined the three stabilizing S-S bond mutations (G4C/A72C, N54C/P191C and T243C/A375C) was created. This triple mutant proved to be the best enzyme both in terms of stability and Avicel activity at high temperatures (Figs 3 and 6) .
The initial thermoactivity measurement performed at high temperature using the yeast supernatants showed that the mutation G266C/D320C designed to stabilize loop 5, and mutation Q190C/I200C designed to stabilize loop 3 actually lowered Cel7A activity. As these mutants were not purified, the disulphide content could not be analysed and we cannot specify whether these particular cysteines pairs were forming S-S bridges in vivo as was the case with the other S-S mutants. All the other designed single S-S mutants had a positive effect, improving both the unfolding temperature (DT m ¼ 3.5 -58C) as well as the residual activity (by 3 -9-fold) (Table II) of the Te Cel7A. Apparently, due to the improved thermostability, the Avicel activity of all three mutants at elevated temperature (of 758C) was also improved (Fig. 6B) . It should also be noted that the microcrystalline substrate seemed to stabilize Ta Cel7A wt and all four S-S mutants at 75 and 808C (Fig. 5 versus Fig. 6 ), in a similar manner as detected earlier with the M. albomyces Cel7 cellobiohydrolase (Voutilainen et al., 2009) . The catalytic efficiency of the S-S mutants on soluble substrates (at 228C) was not really affected except for the mutant N54C/P191C connecting the adjacent loops 1 and 3 along the active site tunnel. Both the catalytic rate as well as the K m value seemed to be slightly improved leading to 2-fold improvement in the specificity constant of the N54C/P191C variant (Table II) . In addition, the specific activity over the whole temperature range measured was improved with this mutant (Fig. 5B) . The reason for this activity improvement is not known, particularly as the soluble substrate (MULac) should bind further away from these loops, closer to the exit side of the tunnel. The activity on microcrystalline substrate at 708C has also increased, which can be due to both improved activity and stability of the mutant (Fig. 6A insert, relative efficiency factor ¼ 1.35, and Fig. 3) .
Of the single S-S mutants, the addition of the G4C/A72C bridge near the N-terminus, close to the entrance of the active site tunnel led to highest improvement in both the unfolding temperature (DT m ¼ 58C) and residual activity (Dt 1/2 (DTT)¼9-fold). This was also reflected as high Avicel hydrolysis activity at 758C when compared with that of the wt (Fig. 6B) . We have shown recently that by creating an S-S bond in a similar position to another GH-7 family cellobiohydrolase from M. albomyces, the thermostability of the enzyme could be increased leading also to increased Avicel hydrolysis at elevated temperature (Voutilainen et al., 2009) . This might thus be a more general way to increase the thermostability and thermoactivity of the GH-7 family cellobiohydrolases which are lacking the 10th S-S bridge.
The mutation T243C/A375C that creates a disulphide bridge across the tunnel between loops 4 and 6 also clearly increased the stability, whereas the activity on Avicel was either reduced (at 708C) or improved when compared with the wt (758C) (Fig. 6A and B) . Interestingly, the soluble product profiles on Avicel hydrolysis at 708C by the T243C/ A375C mutant and Te Cel7A wt were identical suggesting that the processive nature of the enzyme has been retained even when the cellulose hydrolysis capacity is reduced. The adsorption to Avicel was also similar to that of the wt enzyme. Therefore, flexibility of the loops 4 and 6 would seem to have a positive effect on the Avicel hydrolysis, but this flexibility is apparently not so important for the function as has been detected earlier for a bacterial cellobiohydrolase belonging to the GH-6 family (Zhang et al., 2000) . Our results indicate that thermostability and activity of Te Cel7A cellobiohydrolase can be improved by introducing additional disulphide bridges to the loop structures. Compared with the Te Cel7A produced in S.cerevisiae or in the native host, the mutant enzymes G4C/A72C, T243C/A375C and N54C/ P191C demonstrated improved thermal stability both in their unfolding temperatures (T m ) and half-life times (t 1/2 (DTT)). This thermostability improvement was also reflected in increased Avicel hydrolysis activity at 758C. Best result was gained by combining these three additional disulphide bonds in a single mutant; over 10-fold improvement on t 1/2 (DTT) at 70 and 98C improvement on T m was detected. Activity of the triple mutant on microcrystalline cellulose (Avicel) at high temperature (at 808C) was significantly better than that of the Te Cel7A wt. This is to our knowledge the highest hydrolysis temperature obtained for any GH-7 cellobiohydrolases.
